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57) ABSTRACT 
A silicon-on-sapphire structure and method for forming 
the same is described wherein the leakage current at 
tributable to "back channel' leakage is minimized by 
forming the channel region in such a manner as to have 
provided therein at least two levels of dopant concen 
tration. The heavier level of dopant concentration is 
positioned adjacent the silicon/sapphire interface while 
the lighter level of dopant concentration occupies the 
remainder of the channel region and is shallower than 
the heavier level. The classic inversion process takes 
place in the lightly doped section at the shallow level. 

10 Claims, 4 Drawing Figures 
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4,199,773 
1. 

INSULATED GATE FIELD EFFECT . 
SLICON-ON-SAPPHRE TRANSSTOR AND 

METHOD OF MAKING SAME 

This invention relates, in general, to semiconductor 
devices and more particularly to silicon-on-sapphire 
(SOS) insulated gate field effect transistors (IGFETs) 
and the manufacture thereof. 
To achieve high yield in the manufacture of inte 

grated circuits, especially in complementary devices, it 
is necessary to fabricate the individual transistors in 
such a manner that the characteristics of one device are 
as closely matched with the corresponding characteris 
tics of its complementary transistor as is possible. One 
very important inherent defect that must be minimized, 
from the first, is leakage current since if the leakage 
current becomes too high in one device, the entire cir 
cuit may not function and, if it does function will not 
provide satisfactory results when used in a complemen 
tary configuration. 
SOS transistors, in addition to having the conven 

tional source of leakage current, have a potential leak 
age path between the source and the drain regions that 
lies adjacent the silicon/sapphire interface. This leakage 
path is referred to as "back channel' leakage. The back 
channel leakage is usually attributable to the fact that 
the gate of the transistor is far removed from the inter 
face and as a result, fixed charge which can either accu 
mulate, or be formed at the interface during the manu 
facture of the devices can induce a channel of mobile 
charges that cannot be controlled by the gate potential. 
This charge may in some instances be of such a magni 
tude that the electrical properties of the silicon adjacent 
the interface may be significantly altered and inverted. 
For example, if a large amount of fixed positive charge 
forms or is formed at the silicon/sapphire interface in an 
N channel device (using P type material) the P type 
material will become inverted. The net result would be 
the formation of a layer of N type material at the sili 
con/sapphire interface, through which leakage current 
would flow from source to drain. This is an obviously 
undesirable situation. To make matters more compli 
cated, this leakage current problem has been found to be 
more predominant in N channel devices using a P type 
material. While the same phenomenon occurs, to a 
lesser degree in P channel devices, (using N type mate 
rial), it is more advantageous to produce SOS devices 
having little or no leakage current or at least to mini 
mize the leakage currentin complementary SOS transis 
tors. 
One of the prior art methods of tailoring the charac 

teristic of each transistor of a complementary silicon 
on-sapphire field effect transistor (C/SOS/FET) con 
figuration is shown in our recent U.S. Pat. No. 4,091,527 
entitled “METHOD FOR ADJUSTING THE LEAK 
AGECURRENT OF SILICON-ON-SAPPHRE IN 
SULATED GATE FIELD EFFECT TRANSS 
TORS' which issued on May 30, 1978 and is assigned to 
the same assignee as the subject application. In our 
patent there is described a method for adjusting or tail 
oring the leakage current of silicon-on-sapphire field 
effect transistors by either introducing or by removing 
negative charge from the silicon/sapphire interface by a 
process of oxidation and annealing, respectively. The 
oxidation and annealing steps used in our prior patent 
are in addition to those processing steps normally used 
in the manufacture of silicon-on-sapphire devices. In 
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2 
our patent, the magnitude and the sign of the trapped 
charge resulting in back channel leakage has been found 
to be affected by preoxidizing the silicon of the transis 
tor prior to forming the transistor and by annealing in a 
reducing atmosphere in addition to the usual process 
steps necessary for forming the transistor. 
As distinguished from our prior method of reducing 

back channel leakage it is now proposed that a doping 
technique be utilized in order to minimize the effect of 
the charge at the silicon/sapphire interface. However, if 
one would merely increase the doping of the P type 
region so that the region has a higher concentration of 
dopant atoms therein while the leakage current would 
be reduced, it would become obvious that the threshold 
voltage would also be raised significantly. This, in and 
of itself, would be highly undesirable. 
As further background for the manufacture of an 

SOS P-channel field transistor, attention is directed to 
U.S. Pat. No. 3,885,993 to J. Tihanyi entitled 
"METHOD OF PRODUCTION OF P CHANNEL 
FIELD EFFECT TRANSISTORS AND PRODUCT 
RESULTING THEREFROM" which issued on May 
27, 1975 which discloses a method for reducing the 
presence of negative charges at the silicon/spinel inter 
face. 
Another process relating to the general subject mat 

ter is described in U.S. Pat. No. 3,867,196, which issued 
to P. Richman on Feb. 18, 1975, entitled “METHOD 
FOR SELECTIVELY ESTABLISHING REGIONS 
OF DFFERENT SURFACE CHARGE DENSITY 
IN A SILICON WAFER". In this process, material 
which acts as an oxygen barrier is placed on a selected 
portion of the surface of the silicon to simulate a final 
anneal in an inert atmosphere. This process is carried on 
solely at the portion of the silicon surface underlying 
the oxygen barrier and serves to establish a minimum 
surface charge density thereunder. 

Still another prior art method which is addressed to 
the charge appearing at the silicon/sapphire interface, is 
U.S. Pat. No. 3,806,371 which issued on Apr. 23, 1974 
to Barone and is entitled “METHOD OF MAKING 
COMPLEMENTARY MONOLETHIC INSU 
LATED GATE FIELD EFFECT TRANSISTORS 
HAVING LOW THRESHOLD VOLTAGE AND 
LOWLEAKAGE CURRENT". This patent describes 
a method for providing low threshold, low leakage 
current complementary IGFETS by using a gettering 
technique. A layer of gettering glass is deposited on the 
back of a wafer prior to the gate oxidation in order that 
the glass act as a getter for the undesired charge in order 
to lower the leakage current in the completed device. 

Recently, in the IBM Technical Disclosure Bulletin 
No. 3 at Vol. 118, which issued on August, 1975 to 
Burkhardt et al. it is disclosed that charge reduction in 
a gate insulator maybe achieved by a post-oxidation 
anneal in a reducing or neutral atmosphere. 

In an article written by Allison et al. in the Proceed 
ings of the IEEE, September, 1969, at page 1494 it is 
discloses that a large electronic layer can be introduced 
at the bottom of the silicon surface adjacent a sapphire 
substrate if the silicon-on-sapphire film is heated for 
approximately 15 minutes in hydrogen or moisture at 
500 C. to 1000 C. 
The subject invention is directed to a novel method 

of processing SOS devices wherein the leakage current 
attributable to "back channel” leakage path is mini 
mized. This is accomplished by forming the channel 
region in such a manner as to provide at least two levels 



3 
of dopant concentration therein. The heavier level of 
dopant concentration is generally found adjacent the 
silicon/sapphire interface while the lighter level of dop 
ant concentration (the more conventional dopant con 
centration) is in the remainder of the channel region. 5 
The heavier concentration of dopant atoms prevents 
leakage conduction at the interface while the inversion 
process, which supports conduction, takes place in the 
more conventionally doped level. 

In the drawings: 
FIGS. 1-3 depict varying processing steps, taken in 

cross-section, utilizing the principles of our invention; 
and 

FIG. 4 is a cross-sectional view of the completed 
semiconductor device fabricated in accordance with 
principles of our invention. 
While the foregoing exegesis will be presented in 

terms of utilizing a sapphire insulative substrate, it will 
be obvious to those skilled in the art that our device 
may be fabricated on other insulative substrates such as, 
for example, spinel or monocrystalline beryllium oxide. 
The formation of silicon islands on a sapphire sub 

strate has been described in many publications, in the 
past. Briefly, however, as shown in FIG. 1, a layer of 
monocrystalline silicon 12 is deposited on surface 11 of 25 
sapphire body 10 using any one of many well known 
techniques one of which is the thermal decomposition 
of silane in a hydrogen carrier. After the deposition of 
monocrystalline silicon layer 12, to the desired thick 
ness, layer 12 is provided with a mask 14 of silicon 
dioxide to expose certain areas. Layer 14 is provided 
with a patterned layer of photoresist (not shown) and 
the exposed portions of masking oxide layer 14 are then 
etched down to the monocrystalline layer 12 in order to 
allow the remaining, unetched portions of layer 14 to 
act as a mask for the subsequent etching of monocrystal 
line layer 12. At this point, the exposed portions of 
monocrystalline silicon layer 12 are removed by etching 
in a buffered potassium hydroxide etchant which not 
only removes the exposed silicon but will also generally 
etch under (undercut) masking layer 14, as shown in 
FIG. 2. 
As shown in FIG. 2, the next processing step, after 

the formation of islands 12, is to cover all but the ones 
of the islands that are to be processed using mask 16 
which may be either photoresistive material, aluminum, 
or deposited oxide etc. The principle consideration 
being that the mask be impervious to any subsequention 
implantation step. As shown by arrows 18, island 12 is 
implanted with boron atoms to produce P region 12.1. 
It is well known in the art that one may form P regions 
12.1 by using either boron, aluminum, gallium or indium 
as the dopant with boron and aluminum presently being 
the most practical for the currently available ion im 
plantation equipment. Hence, boron is mentioned, by 
way of example. The implant energy is adjusted so as to 
place most of the boron dopant atoms only inside the 
silicon island adjacent to the silicon/sapphire interface. 
Using boron atoms as the dopant and an energy level of 
about 130 KeV, one may expect a projected range of 60 
0.4173 pum(RP). Using a projected standard deviation of 
0.022 um(ARP) results in an implant maximum depth of 
about 0.4995 p.m. .. 
The goal that one desires to achieve is to produce, in 

area 12.1, a mechanism that will overcome the residual 65 
interfacial charge at flat band plus an additional amount 
as a safety factor. This is done by the above-described 
boron implant. However, one must guard against im 
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plant doses that are so high as to produce low drain 
breakdown voltage or a possible implantation damage 
to the silicon at the silicon/sapphire interface. Accord 
ingly, it is felt that the maximum value of implant dose 
should be of the order of about 101/cm2 while at the 
other end of the spectrum, the minimum value of im 
plant dosage should be of the order of 10/cm2. Typi 
cal values are likely to be in the range 1-5x 1012/cm2 
depending upon the processing. 

After having performed the heavy implantation step, 
a lighter shallower second implantation is now per 
formed on the same island. The boron concentration of 
this second implantation may be of the order of about 
2X 10/cm2, or any other value which would be con 
sidered to be a normal implantation value to form area 
12.2. 
The next step in the process is determined by whether 

or not there is a need to minimize or remove "back 
channel'leakage current in the remaining, unprocessed 
islands. In order to more concisely describe our inven 
tion, it will be assumed that the reader desires to mini 
mize "back channel' leakage current in the remaining 
unprocessed islands. 

Referring now to FIG. 3 it will be seen that masking 
layer 16 (FIG. 2) is removed from all of the previously 
unprocessed islands and a new masking layer 22 is ap 
plied to the previously processed islands. As in FIG. 2 
material of masking layer 22 may be either photoresis 
tive material, aluminum or deposited oxide, etc., the 
principle consideration being that the masking layer be 
impervious to any of the subsequent implantation steps 
that will follow. In this Figure, it is desired to produce 
N region 12.3, in which event one may utilize as the 
dopant either phosphorus, arsenic, antimony or bismuth 
with arsenic and phosphorus presently being the most 
practical for the currently available ion implantation 
equipment. Hence, phosphorus will be mentioned by 
way of example. As in the description regarding FIG. 2, 
the implantation energy is adjusted so as to place most 
of the phosphorus dopant atoms only inside the silicon 
island adjacent to the silicon/sapphire interface. Using 
phosphorus atoms as the dopant and an energy level of 
about 360 KeV, one may expect a projected range of 
about 0.4150 pum(RP). Using a projected standard devia 
tion of about 0.0796 um (ARP) results in an implant 
maximum depth of about 0.4946 um. 
This is accomplished, as shown by arrows 20, by 

heavily implanting the exposed islands with phosphorus 
atoms to produce N regions 12.3. As in the previously 
described implantation (regarding the P regions 12.1), 
the goal that one desires to achieve is to produce in 
areas 12.3 a mechanism that will overcome the residual 
interfacial charge at flat band plus an additional amount 
as a safety factor. As before, one must guard against 
implant doses that are excessively high and which will 
produce low breakdown voltage or possible implanta 
tion damage. After having performed the heavy implan 
tation step, a lighter shallower second implantation is 
now performed on the same island. The phosphorus 
concentration of the second implant may be of the order 
of magnitude that would be considered to be a normal 
implantation value to form area 12.2. 
Having formed an N channel field effect transistor 

and a P channel field effect transistor, the next step in 
the process is to remove any and all masking material 
such as layer 16 of FIG. 2 or layer 22 of FIG.3 as well 
as layers 14 so that all the islands are now exposed. As 
shown in FIG. 4 the now exposed surfaces of the islands 
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is provided with a layer of dielectric or dielectrics 24 
which may be formed either by the oxidation of the 
exposed surface of each of the silicon islands or by the 
thermal decomposition of silane in an oxidizing atmo 
sphere. As an alternative a channel oxide may be grown 5 
over the islands by an HCl steam oxidation process at 
about 900 C. for approximately 60 minutes in order to 
grow a layer thereon of approximately 1200 A, for 
example. Thereafter a layer of polycrystalline silicon 
(polysilicon) is deposited (not shown) by the pyrolysis 10 
of silane and hydrogen on the channel oxide layer 24. 
The next step is to define gates in the polysilicon layer, 
and this is done by etching the polysilicon layer to form 
gates 28 and 36. The polysilicon gates 28 and 36 are then 
used as a mask to etch away the exposed portions of 15 
silicon dioxide gate oxide layer in order to define 
sources 12.5 and 12.7 as well as drains 12.6 and 12.8. 
Thereafter, using the now formed polysilicon gate as a 
mask the N type drain and source electrodes are formed 
in one island while the other island is masked after 
which the mask is removed therefrom and a new mask 
grown or deposited on the previously processed islands 
and the P type drain 12.8 and source 12.7 are formed by 
either implantation or by diffusion using any of the 
many well known procedures. 
By way of example, polysilicon gates 28 and 36 may 

be doped with the same dopant and at the time as the 
sources and drains region associated therewith are 
doped. 

Thereafter, a layer of field oxide 26 is deposited over 
the entire structure and is suitably masked to form 
contact openings to the various sources and drains fol 
lowed by a metallizing step in order to form electrodes 
32, 34, 38 and 40 in ohmic contact with the sources and 
drains as shown. 
What is claimed is: 35 
1. In a semiconductor having an insulative substrate 

and a major surface associated therewith, a plurality of 
islands of semiconductive material affixed to the major 
surface of the substrate; each island having: 
a top surface substantially parallel to the major sur 

face of the substrate; 
spaced drain and source regions of one conductivity 

type; and 
a channel region associated with a spaced drain and 

source region and having an opposite conductivity 
type; 

the improvement comprising: 
a first part of the channel region, extending from the 

Source region to the drain region and adjacent to 
the major surface having a given, heavy concentra- 50 
tion of dopant atoms therein sufficient to prevent 
back channel leakage between the source and 
drain; and 

a second part of the channel region, coextensive with 
the first part of the channel region, located be- 55 
tween the first part of the channel region and the 
top surface thereof, having a second, lighter con 
centration of dopant atoms than the first part and 
sufficient to allow inversion at the top surface. 

2. The semiconductor of claim , wherein: 60 
selected ones of the plurality of islands have N type 

conductivity source and drain regions; and 
the remaining ones of the plurality of islands have P 

type conductivity source and drain regions. 
3. The semiconductor of claim 2, wherein: 65 
the first part of each channel region of the ones of the 

islands having N type conductivity source and 
drain regions have an implanted dosage range from 
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about 1x1012/cm2 to about 5x 1012/cm2 dopant 
atoms; 

the second part of each channel region of the ones of 
the islands having N type conductivity source and 
drain regions have an implanted dosage of about 
2X 10/cm2 dopant atoms. 

4. The semiconductor of claim 3, wherein: 
the first and second portions of the channel regions of 

the ones of the islands having N type conductivity 
source and drain regions are implanted with a dop 
ant selected from the class consisting of boron, 
aluminum, gallium, and indium. 

5. The semiconductor of claim 2, wherein: 
the first part of each channel region of the ones of the 

islands having P type conductivity source and 
drain regions have an implanted dosage ranging 
from about 1 x 1012/cm2 to about 5x 1012/cm2; and 

the second part of the channel region of the ones of 
the islands having P type conductivity source and 
drain regions have an implanted dosage of about 
2x 1010/cm2 dopant atoms. 

6. The semiconductor of claim 5, wherein: 
the first and second parts of the channel regions of the 

ones of the islands having P type conductivity 
source and drain regions are implanted with a dop 
ant selected from the class consisting of phospho 
rus, arsenic, antimony and bismuth. 

7. In a process for fabricating a semiconductor device 
having an insulative substrate and a major surface asso 
ciated therewith in which a plurality of islands of semi 
conductor are affixed to the major surface of the sub 
strate and where each island is provided with: 

a top surface substantially parallel to the major sur 
face of the substrate; 

spaced source and drain regions of one conductivity 
type; and 

a channel region associated with a spaced drain and 
source region and having an opposite conductivity 
type; 

the improved process comprising the steps of: 
implanting a first dopant into a first part of certain 

ones of the channel region to a dosage ranging 
from about 1 x 1012/cm2 to about 5X 1012/cm2 
dopant atoms adjacent to the major surface; 

implanting the first dopant in a second part of the 
certain ones of the channel region to a dosage of 
about 2x 1010/cm2 to about 2x 1011/cm2 dopant 
atoms adjacent the top surface of the island; 

forming drain and source regions in the certain ones 
of the islands to abut the first and second parts of 
the channel region. 

8. The improved process of claim 7, wherein: 
the source and drain regions of the certain ones of the 

plurality of islands are of N type conductivity; and 
the remaining ones of the plurality of islands are of P 

type conductivity source and drain regions. 
9. The improved process for fabricating a semicon 

ductor of claim 8, wherein: 
the first and second parts of the channel regions of the 

ones of the islands having N type conductivity 
source and drain regions are implanted with a dop 
ant selected from the class consisting of boron, 
aluminum, gallium, and indium. 

10. The process of claim 9 wherein: 
the first and second parts of a channel region of the 

ones of the islands having P type conductivity 
source and drain regions are implanted with a dop 
ant selected from the class consisting of phospho 
rus, arsenic, antimony and bismuth. 
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